In a 14-year-old Japanese girl, manifested recurrent myalgia with elevated serum creatine kinase after moderate exercise became evident, and she was diagnosed as having a myopathic form of very-long chain acyl-CoA dehydrogenase deficiency. Her first clinical symptom of the disease was evident when she was 6 y of age. She had never had hypoglycemic attacks, and hepatomegaly and cardiomyopathy were absent. The diagnosis was suspected on the basis of the urinary organic acid profile after a 36-h fast, long-chain fatty acid-loading test, and the blood acylcarnitine profile. Acyl-CoA dehydrogenase activity with palmitoyl-CoA as a substrate was severely decreased in her fibroblasts, and the amount of very-long chain acyl-CoA dehydrogenase protein was reduced. She was a compound heterozygote of A416T from her father and R450H from her mother. Transient expression of mutant A416T cDNA retained a significant residual acyl-CoA dehydrogenase activity of 10% and 20% normal at 37°C and 30°C, respectively. Specific activity of A416T mutant protein was calculated to be one fifth that of control. In the case of R450H mutant expression, a low residual acyl-CoA dehydrogenase activity of 5% normal was detected at 30°C although significant activity was absent at 37°C. The R450H protein was not detected at 37°C but was clearly detected at one fourth the normal amount at 30°C. These results indicate that both mutations were temperature-sensitive mild mutations, the result being the mildest phenotype of very-long chain acylCoA dehydrogenase deficiency. VLCAD(EC 1.3.99.13; HUGO symbol, ACADVL) belongs to the ␤-oxidation system of long-chain fatty acids together with mitochondrial enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase trifunctional protein (1, 2).The clinical phenotype of VLCAD deficiency (MIM# 201475) was first divided into two different forms (3); a severe presentation characterized by early onset of symptoms, with hypertrophic cardiomyopathy and a high incidence of death, and a milder form with a late onset with Reye-like disease, hypoketotic hypoglycemia, no cardiac involvement, and a more favorable outcome. Later occurrences in adolescents and adults have been reported, with the absence of hypoglycemia and cardiomyopathy but with episodes of rhabdomyolysis and myoglobinuria, usually triggered by exercise or fasting (4 -7). Hence VLCAD deficiency can be separated into three clinical phenotypes (8).
In a 14-year-old Japanese girl, manifested recurrent myalgia with elevated serum creatine kinase after moderate exercise became evident, and she was diagnosed as having a myopathic form of very-long chain acyl-CoA dehydrogenase deficiency. Her first clinical symptom of the disease was evident when she was 6 y of age. She had never had hypoglycemic attacks, and hepatomegaly and cardiomyopathy were absent. The diagnosis was suspected on the basis of the urinary organic acid profile after a 36-h fast, long-chain fatty acid-loading test, and the blood acylcarnitine profile. Acyl-CoA dehydrogenase activity with palmitoyl-CoA as a substrate was severely decreased in her fibroblasts, and the amount of very-long chain acyl-CoA dehydrogenase protein was reduced. She was a compound heterozygote of A416T from her father and R450H from her mother. Transient expression of mutant A416T cDNA retained a significant residual acyl-CoA dehydrogenase activity of 10% and 20% normal at 37°C and 30°C, respectively. Specific activity of A416T mutant protein was calculated to be one fifth that of control. In the case of R450H mutant expression, a low residual acyl-CoA dehydrogenase activity of 5% normal was detected at 30°C although significant activity was absent at 37°C. The R450H protein was not detected at 37°C but was clearly detected at one fourth the normal amount at 30°C. These results indicate that both mutations were temperature-sensitive mild mutations, the result being the mildest phenotype of very-long chain acylCoA dehydrogenase deficiency. VLCAD(EC 1.3.99.13; HUGO symbol, ACADVL) belongs to the ␤-oxidation system of long-chain fatty acids together with mitochondrial enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase trifunctional protein (1, 2) .The clinical phenotype of VLCAD deficiency (MIM# 201475) was first divided into two different forms (3); a severe presentation characterized by early onset of symptoms, with hypertrophic cardiomyopathy and a high incidence of death, and a milder form with a late onset with Reye-like disease, hypoketotic hypoglycemia, no cardiac involvement, and a more favorable outcome. Later occurrences in adolescents and adults have been reported, with the absence of hypoglycemia and cardiomyopathy but with episodes of rhabdomyolysis and myoglobinuria, usually triggered by exercise or fasting (4 -7). Hence VLCAD deficiency can be separated into three clinical phenotypes (8) .
Gene mutations in VLCAD deficiency have been reported, with a wide spectrum (8 -14) . Andresen et al. (8) suggested a clear correlation of genotype with disease phenotype in VLCAD deficiency, from data on 58 independent mutations in 55 unrelated patients. They reported that most patients with the severe childhood form had two null mutations and that most patients with the mild childhood form or adult form have missense mutations that might result in residual enzyme activity; they found that two missense mutations retained residual VLCAD activities.
There have been a number of reported cases of VLCAD deficiency, patients who presented with recurrent myoglobinuria (4 -6), including those of childhood onset (7) . We describe herein a case of a myopathic form of VLCAD deficiency in a Japanese girl who presented with the disease at 6 y of age. Molecular analyses at the protein and DNA level revealed that the mutations retained VLCAD activity and that there was temperature sensitivity.
METHODS
Case presentation. A 14-year-old Japanese girl was admitted to Gifu University Hospital for evaluation of recurrent myalgia with elevated CK. Informed consent was obtained from the patient and her parents to perform clinical and molecular studies, and these studies were approved by the review board of Gifu University School of Medicine. She was born to nonconsanguineous parents, at full term, weighing 3360 g. She had been well until age 6 y when she looked pale and felt fatigue after school. At that time, an elevated serum CK was detected at Ogaki Municipal Hospital. The symptoms completely diminished 1 wk later with normalization of the CK level. At age 8 y, after going for a walk, she again developed myalgia with elevated CK. Muscle biopsy revealed no abnormal histologic findings. She had experienced similar episodes several times a year. Urinary organic acid analysis during myalgia crises repeatedly showed no remarkable findings. She had no documented hypoglycemic episodes in childhood. She had been followed at Ogaki Municipal Hospital as a case of probable myopathy of unknown cause for more than 6 y.
At the time of admission (14 y of age), she was 161.1 cm tall and weighed 44.8 kg. Hepatomegaly was not present. Laboratory data after a overnight fast were within normal ranges, as follows: aspartate aminotransferase 17 IU/L (range, 10 - ; myoglobin, Ͻ3.5 M; acetoacetate, 0.02 mM (Ͻ0.055 mM); 3-hydroxybutyrate, 0.051 mM (Ͻ0.085 mM); FFA, 0.37 mM (range, 0.14 -0.85 mM); and lactic acid, 1.1 mM (range, 0.37-1.65 mM). Urinary organic acid analysis showed no remarkable findings, and the echocardiogram revealed no cardiomyopathy. A 36-h fasting period was carefully monitored, both clinically and metabolically, as prolonged fasting in children with fatty acid oxidation defects poses a risk. During the 36-h fast ( Fig. 1) , hypoglycemia did not occur. Serum levels of ketone bodies were very low compared with the level of FFA (the ratio of FFA to ketone bodies Ͼ6 at 25-h fasting). She complained of myalgia after a 13-h fast, and the level of CK was Ͼ2000 IU/L; the level exceeded 6000 IU/L after a 36 h-fast. Her urine was then positive for myoglobin. Organic acid analysis of urine at end of the fast revealed hypoketotic dicarboxylic aciduria in which adipic acid (1300.3 mol/mol creatinine, range 1.6 -16.5 mol/mol), suberic acid (212.3 mol/ mol, range, 0.3-8.6 mol/mol), sebacic acid (108.9 mol/mol, range, 0.3-5.0 mol/mol), dodecanedioic acid (12.8 mol/ mol, not detected) and their 3-hydroxycompounds were evident. Long-chain fatty acid (1.25 g/kg) and medium-chain fatty acid (1.25 g/kg) loading tests after a 14-h fast were then performed. Serum levels of ketone bodies were elevated in medium-chain fatty acid loading, but not so in long-chain fatty acid loading. Acyl-carnitine analysis of samples during longchain fatty acid loading, a time when she was well, and during a myalgia crisis were performed by Dr. N. Terada (Department of Pediatrics, Kyoto Prefectural University of Medicine). C 14:1 acylcarnitine was elevated under all these conditions, findings indicating a defect of long-chain fatty acid. The final diagnosis was VLCAD deficiency, as determined by enzyme assay, and she was discharged.
She sometimes complained of myalgia, and CK levels were elevated (up to 10,000 IU/L) after exercise or emotional stress. Intravenous glucose was prescribed in such cases. We recommended avoidance of a high-fat diet. Cardiomyopathy and hypoglycemia were absent. She is now 17 years old, and her intelligence is normal.
Fibroblasts and peripheral blood mononuclear cells. Fibroblasts from the patient were cultured in Eagle's minimal essential medium containing 10% FCS. Peripheral blood mononuclear cells were purified from the parents' heparinized blood samples by Ficoll gradient centrifugation.
Assay for acyl-CoA dehydrogenase activity. Fibroblast pellets were preserved in 50 mM sodium phosphate (pH 8.0), 0.1% Triton X-100, 0.2 M sodium chloride. After sonication and incubation for 30 min on ice, the supernatant was obtained by centrifugation at 10,000 ϫ g for 10 min. Acyl-CoA dehydrogenase assay was performed using the dye-reduction method described by Verity and Turnbull (15) , but with some modification (13) .
Immunoblot analysis. Fibroblast extract (30 g) was applied to a 10% SDS-PAGE. Immunoblot analysis was performed using a ProtoBlot Western Blot AP System (Promega, Madison, WI, U.S.A.). Anti-human VLCAD antibody (16) and anti-human CT antibody (17) were used as the first antibody. RT-PCR. Total RNA was extracted from fibroblasts, using an ISOGEN kit (Nippon Gene, Tokyo, Japan). RT-PCR was performed as described (18 Restriction enzyme assay at the gene level. Genomic DNA was purified using a Sepa Gene kit (Sanko Junyaku, Tokyo, Japan). Restriction enzyme assay was performed to detect mutations at the gene level. We first amplified a genomic fragment from intron 11 to exon 14 using VLCAD In 11B primer located in intron 11 (5Ј-GTGATGAGGCCAAGTCT-GAC-3Ј) and an antisense primer VLCAD148 located in exon 14 (5Ј-1391 GTCCCTCAAAGATCCGGAA 1372 -3Ј). Forty cycles of amplification were run (94°C, 1 min; 54°C, 2 min; 72°C, 3 min). A second PCR (25 cycles of 94°C, 1 min; 37°C, 2 min; 72°C, 2 min) was performed using an aliquot of the first PCR solution to detect mutations in a restriction enzyme assay, followed by electrophoresis on a 5% polyacrylamide gel, as follows:
For detection of 1246G to A (A 416T): Amplification with a mismatch sense primer mismatch 1 (5Ј-1225 ACGGACTTC-CAGATAGTGGCC 1245 -3Ј) and VLCAD148 primer was followed by BalI digestion. A fragment with the A416T mutation was digested with BalI from 340 bp into 321 and 19 bp.
For the detection of 1349G to A (R450H): Amplification with the mismatch 1 primer and a mismatch antisense primer mismatch 2 (5Ј-1371 GATGCGAAGATCTCGGAGCGCA 1350 -3Ј), followed by NspI. A fragment without R450H was digested into 60 bp and 270 bp, and a fragment with R450H mutation into 60 bp, 250 bp, and 20 bp.
Transient expression of normal and mutant cDNAs. As recipient cells, we prepared SV40-transformed fibroblasts from a VLCAD-null patient who was a homozygote of S22X mutation (18) . Mutant VLCAD cDNAs were constructed from normal VLCAD cDNA by in vitro mutagenesis using QuickChange Site-Directed Mutagenesis Kits (Stratagene, La Jolla, CA, U.S.A.), according to manufacturer's instruction. A eukaryote expression vector, pCAGGS, was kindly provided by Dr. J. Miyazaki (19) . Transfection protocol using Lipofectin (Life Technologies, Rockville, MD, U.S.A.) was the same as described (18) . Briefly, 4 g of a VLCAD expression vector and 1 g of an expression vector for human CT were cotransfected into 5 ϫ 10 5 cells. After a 72-h incubation period at 37°C or 30°C, the cells were harvested and assayed for C16-DH activity. Acetoacetyl-CoA thiolase activity was assayed, as described (17) .
RESULTS
Enzyme activity and immunoblot analysis. Acyl-CoA dehydrogenase activity with octanoyl-CoA as a substrate in fibroblasts from the patient (2.6 nmol/min/mg protein) was almost the same level as in a control (n ϭ 6, 3.3 Ϯ 1.0 nmol/min/mg); however, C16-DH activity of the fibroblasts from the patient (0.16 nmol/min/mg) was decreased to Ͻ10% of the control (n ϭ 6, 2.3 Ϯ 0.5 nmol/min/mg), thus confirming that the patient had VLCAD deficiency.
VLCAD polypeptide was clearly identified as a 66-kD band in control fibroblasts when 30 g of protein was applied. Fibroblasts from our patient had apparent VLCAD protein with a 50% lesser amount than controls and the same mobility as controls. CT polypeptide was in an amount similar to that in controls (data not shown).
Gene mutations. When we sequenced clones of the cDNA fragment 2, either 1246 G3 A (A416T) or 1349 G3 A (R450H) was detected. Amino acid residues are numbered with the initiator methionine being 1. No other mutation was detected in the cDNA fragments. We also sequenced genomic fragments spanning from intron 11 to exon 14, including both mutation sites, and confirmed that either of these mutations was present in the cloned fragments. Restriction enzyme assays at the gene level revealed that A416T (in exon 12) was derived from her father and R450H (in exon 14) from her mother (Fig. 2) .
Transient expression of mutant cDNAs. VLCAD polypeptide and C16-DH activity were investigated in transient expression of the normal and mutant VLCAD cDNAs at 37 and 30°C (Fig. 3) . Figure 3A shows C16-DH activities relative to those in the cells transfected with normal VLCAD cDNA. We cotransfected the CT cDNA, and each transfection gave similar levels of acetoacetyl-CoA thiolase activity and CT protein in immu- noblots, confirming that transfection efficiency is similar among each transfection. Mock cDNA transfection (lanes mock) produced neither VLCAD peptide nor C16-DH activity, compared with the recipient cells. On the other hand, normal VLCAD cDNA expression at 37 and 30°C resulted in apparent increases of VLCAD polypeptides and C16-DH activities (lanes normal). Expression of the A416T mutant cDNA at 37°C showed residual C16-DH activity (10% normal) with a decreased amount of protein (about 50% normal). In case of 30°C expression, the C16-DH activity and amount of mutant protein were increased to 20% of the normal and almost the same level as normal, respectively. In cases of expression of the R450H mutant cDNA, no significant residual activity was detected at 37°C, but a low residual C16-DH activity (about 5% control) was detected at 30°C. VLCAD protein was not detected at 37°C but was clearly detected with one fourth the normal amount at 30°C. Residual C16-DH activities and the amounts of VLCAD protein in coexpression of R450H and A416T were almost mean values between those of separate expressions at both 37 and 30°C.
DISCUSSION
We confirmed that a 14-year-old Japanese girl with recurrent attacks of myalgia with elevated CK was VLCAD deficient at the molecular level. Hypoglycemic attacks and cardiomyopathy never occurred. According to Andresen et al. (8) , this patient could be classified as an adult form, the mildest type of VLCAD deficiency. Some patients with this form may have clinical onsets in childhood, as did our patient (7) . We hence use the term an episodic, isolated myopathic form instead of adult form in the current report.
Our expression system of mutant cDNAs differed from that in previous reports (9, 13) . To reduce intrinsic VLCAD activity, we used SV40-transformed fibroblasts derived from a VLCAD-deficient patient with a homozygous S22X mutation (18) ; hence interaction between intrinsic S22X mutant protein and an expressed mutant protein was expected to be nil. As shown in Figure 3 , the basal C16-DH activity was extremely low, and VLCAD protein was not detected in immunoblots. We also cotransfected human CT cDNA to monitor transfection efficiency. These approaches facilitated evaluation of both residual VLCAD activity and the amount of mutant protein.
Our patient is a compound heterozygote of A416T and R450H mutations. Smelt et al. (6) identified two missense mutations, R450H and G441D, in an adult form of VLCAD deficiency. During preparation of this manuscript, Merinero et al. (20) reported sibling cases with adolescent myopathic form of VLCAD deficiency with N405H and R450H, hence R450H is in common with data on our patient. However, their reports did not include expression analysis of these mutations. When amino acid sequences of seven human acyl-CoA dehydrogenases were aligned to achieve maximum homologies, all acylCoA dehydrogenases had a positive charge (either lysine or arginine) at the homologous residue of R450 in VLCAD, thus indicating its importance (12) . Because R450H is a conservative change, and some residual dehydrogenase activity was noted in mutations at the homologous residues in other acylCoA dehydrogenases, Smelt et al. (6) speculated that R450H carried some residual activity. We have clearly demonstrated that R450H mutation is a temperature-sensitive mild mutation.
A416T is a novel mutation and was also revealed to be a temperature-sensitive milder mutation than R450H. A416T is located in a nonconserved residue among seven acyl-CoA dehydrogenases (12) . Our expression analysis clearly showed that this A416T mutation retains a significant residual C16-DH 230 activity even at 37°C and that this activity increased in expression at 30°C. Together with immunoblot data, we calculated the specific activity of A416T mutant protein to be 20% of the normal. Cotransfection of A416T and R450H mutant cDNAs did not show interallelic complementation or a dominant negative effect.
VLCAD protein is abundant in heart and skeletal muscle as well as in the liver in human (12) . The main clinical symptoms in VLCAD deficiency involve these organs, especially in the severe or milder childhood forms. Hypoketotic hypoglycemia and hypoketotic dicarboxylic aciduria are phenotypes of liver ␤-oxidation insufficiency. Cardiomyopathy and rhabdomyolysis are phenotypes of heart and skeletal muscle insufficiencies, respectively. Our report suggests that at least 5 to 10% residual VLCAD activity may be adequate to avoid hypertrophic cardiomyopathy or a hypoglycemic crisis in childhood but may be not sufficient for energy demands of skeletal muscle after late childhood, and the episodic, isolated myopathic form may occur. As one cannot reach a definitive conclusion based on only one case, a similar analysis in other patients with the myopathic form is needed to confirm this hypothesis.
Finally, it should be noted that the urinary organic acid profile was not significant even when our patient had myalgic attacks with elevated CK. Hypoketotic dicarboxylic aciduria was only detected after a 36-h fast. Ogilvie et al. (4) also reported that no dicarboxylic aciduria was detected after a 24-h fast in an adult form patient whereas the serum CK was elevated to 15,000 U/L. Smelt et al. (6) also reported that organic acid levels in urine were normal both during and between attacks in another patient with the adult form. This means that urinary organic acid analysis is not pertinent for the diagnosis of the mild form of VLCAD deficiency, even during rhabdomyolysis attacks. On the other hand, C 14:1 carnitine was evident under even good clinical conditions in our patient as well as in patients with the adult form. Acylcarnitine analysis should be considered for patients with rhabdomyolysis.
